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We investigate dynamic properties of bouncing and penetration in colliding binary and ternary
Bose-Einstein condensates comprised of different Zeeman or hyperfine states of 87Rb. Through the
application of magnetic field gradient pulses, two- or three-component condensates in an optical
trap are spatially separated and then made to collide. The subsequent evolutions are classified
into two categories: repeated bouncing motion and mutual penetration after damped bounces. We
experimentally observed mutual penetration for immiscible condensates, bouncing between miscible
condensates, and domain formation for miscible condensates. From numerical simulations of the
Gross-Pitaevskii equation, we find that the penetration time can be tuned by slightly changing the
atomic interaction strengths.
PACS numbers: 05.30.Jp, 03.75.Kk, 03.75.Mn, 67.85.Hj
Multicomponent Bose-Einstein condensates (BECs) in
dilute atomic gases are an attractive system for studying
hydrodynamics of multicomponent quantum fluids owing
to their unprecedented controllability. One of the signifi-
cant properties characterizing multicomponent fluid sys-
tems is their miscibility; different fluids are either mutu-
ally miscible or phase separation occurs. In multicompo-
nent BECs, the miscibility is determined by inter- and
intra-species atomic interaction strengths [1] and, impor-
tantly, they can be experimentally controlled using Fes-
hbach resonances [2, 3] and Rabi coupling [4, 5]. Multi-
component BECs with various degrees of miscibility are
also available by choosing the internal states [6] or atomic
species [7]. Employing such adjustability and selectabil-
ity, intriguing phenomena that depend on the degree of
miscibility have been experimentally observed, e.g., soli-
ton generation in a counterflow of miscible fluids [8, 9],
quantum tunneling across spin domains [10] and suppres-
sion of relative flow by multiple domains [11] in immis-
cible systems. Theoretically, quantum turbulence in a
counterflow of miscible BECs [12, 13] and pattern for-
mation by instabilities at interfaces in immiscible BECs
[14–18] have been predicted.
The condition for miscibility in multicomponent BECs
is determined by linear stability analysis of a static or
steady state, and is not naively applicable to dynamical
situations. Let us consider a situation in which two wave
packets of different BECs collide with each other. One
may think that the two wave packets pass through each
other without much reflection for miscible BECs, while
for immiscible BECs they do not. However, we will show
that these simple predictions from the miscibility do not
apply to a highly dynamic situation.
In this Rapid Communication, we generate multicom-
ponent BECs with various degrees of miscibility by uti-
lizing the rich spin degrees of freedom of the 87Rb atom,
and investigate the dynamical properties of bouncing and
penetration in colliding binary and ternary BECs in an
optical trap. We observed various dynamics, including
bouncing between miscible BECs and mutual penetra-
tion of immiscible BECs, which seems counterintuitive
at first glance. In miscible and weakly immiscible bi-
nary and ternary systems, after a few bounces, BECs
mutually penetrate and create the domain structure. In
contrast, in the case of a relatively strongly immiscible
system, binary BECs continue to bounce. Such repeti-
tive bouncing motion between atoms has been observed
only in a Tonks-Girardeau gas [19], a Fermi gas [20], and
matter-wave solitons [21]. In addition, numerical simula-
tions of the Gross-Pitaevskii (GP) equation suggest that
the penetrability and penetration time between BECs
can be tuned by slightly changing the atomic interaction
strength.
The outline of our experimental setup is shown in Fig.
1(a). We produce an 87Rb BEC containing 3×105 atoms
in the |F = 2,mF = −2〉 = |2,−2〉 state in a crossed far-
off-resonant optical dipole trap (FORT) with axial and
radial frequencies of ωz/(2pi) = 25 Hz and ωr/(2pi) = 135
Hz (see Refs. [11, 22] for a more detailed description). In
this experiment, we use three pairs of binary BECs with
different degrees of miscibility, ∆a, which are listed in
Table I. Three mF states in F = 1 are used as a ternary
system. These binary and ternary BECs, equally pop-
TABLE I: Degrees of miscibility in binary BECs, ∆a =
aij − √aiiajj . Here a1,2 represents the interspecies scatter-
ing length in units of the Bohr radius, aB. a1,1 and a2,2 are
intraspecies scattering lengths. ∆a < 0 (∆a > 0) indicates
that the ground state is miscible (immiscible). The values of
scattering lengths are obtained from Refs. [9, 23].
Binary BECs ∆a a1,2 a1,1 a2,2
|2,−2〉, |1,−1〉 -0.70aB 98.98aB 98.98aB 100.40aB
|1, 0〉, |1,−1〉 0.46aB 101.09aB 100.86aB 100.40aB
|1, 1〉, |1,−1〉 0.92aB 101.32aB 100.40aB 100.40aB
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FIG. 1: (color online) (a) Schematic illustration of the ex-
perimental setup. The BEC is confined in the crossed FORT.
The multicomponent BECs are prepared using a mw pulse or
an rf pulse. After the application of a magnetic field gradient
along the z-direction during Tsep = 60 ms and free evolution
of Tevo, the atoms are released from the FORT and then the
mF components are separated by the SG method. (b) Hy-
perfine spectroscopy. The mw pulse with a 100 µs duration is
irradiated to the BECs in the |2,−2〉 state. Populations after
the application of the mw pulse are plotted as a function of
the frequency of the mw pulse. (c) Zeeman spectroscopy. The
BECs are initially populated in |1,−1〉 state. The shape of
the applied rf pulse is a Gaussian function with a standard
deviation of 23 µs. The small error bars in (b) and (c) enable
accurate preparation of multicomponent BECs. (d) An ex-
ample of the procedure used to collide two-component BECs
in an optical trap. Two-component BECs comprised of |1, 0〉
and |1,−1〉 are separated by a magnetic field gradient (left).
They collide after the magnetic field gradient is turned off
(right).
ulated in each level, are prepared by applying resonant
microwave (mw) and radio frequency (rf) pulses to the
BEC in the |2,−2〉 state. The resonant frequencies be-
tween |2,−2〉 and |1,−1〉, between |1,−1〉 and |1, 0〉, and
between |1,−1〉 and |1, 1〉 are found by performing hyper-
fine spectroscopy [Fig. 1 (b)] and Zeeman spectroscopy
[Fig. 1(c)]. The bias magnetic field along the z-direction
is estimated to be 11.599 G from these spectroscopic mea-
surements.
In order to spatially separate the BECs, we apply a
mF -dependent potential gradient along the z-direction
using a magnetic field gradient pulse with a duration of
Tsep = 60 ms [left side of Fig. 1(d)], whose strength is 900
mG/cm except for the pair of |2,−2〉 and |1,−1〉. The
magnetic field gradient is reduced to 600 mG/cm for the
|2,−2〉 component in order to avoid the escape of atoms
from a shallow optical trap. The magnetic field gradient
is then turned off and the system evolves in the FORT
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FIG. 2: (color online) (a) Tevo versus atomic density dis-
tributions for three pairs of binary BECs. Each distribution
corresponds to the average values obtained over three mea-
surements. The dotted curves represent contours at 0.7 times
the density of each maximum. (b) Tevo versus the relative
center of mass position after the TOF (zTOFrel ). Each point
represents the average values obtained over three measure-
ments, and the error bars indicate the standard deviation of
those measurements.
for an amount of time Tevo [right side of Fig. 1(d)]. After
Tevo, the BECs are released from the FORT, and eachmF
component is imaged by the Stern-Gerlach (SG) method
with a time-of-flight (TOF) of 15 ms. In order to observe
the time evolution, we repeat the above procedure with
different values of Tevo.
We first investigate the dynamics of colliding binary
BECs for three different values of ∆a. Figure 2(a) shows
the Tevo dependence of atomic density distributions for
three pairs of binary BECs, where each distribution cor-
responds to the average values obtained over three mea-
surements. In order to extract bouncing and penetrating
motions from the data in Fig. 2(a), relative center of
mass positions (zTOFrel ) are calculated, which are shown
in Fig. 2(b). Note that the center of mass positions after
the TOF do not correspond exactly to those in the trap,
and their values might be affected by the in-trap velocity.
However, in the previous study [11], we confirmed that
the numerically obtained in-trap motion agrees qualita-
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FIG. 3: (color online) (a) Absorption images of weakly im-
miscible BECs at early Tevo values. (b) Absorption images
of weakly immiscible and miscible BECs at Tevo = 130 ms
and 200 ms. These images are obtained from a single shot
measurement. In the density distributions of Fig. 2(a), the
domain structures in (b) vanish due to the averaging of the
data.
tively with the experimentally obtained zTOFrel values due
to the short TOF time.
The common feature in all of the pairs shown in Fig.
2(b) is that zTOFrel oscillates for small Tevo, namely, the
BECs bounce at least once. The difference appears after
a few bounces, and their motions are classified into two
categories. In the case of the strongly immiscible pair,
zTOFrel oscillates in the range of z
TOF
rel ≥ 0 µm, where the
oscillation frequency of 33 Hz is larger than the axial trap
frequency. This indicates that the strongly immiscible bi-
nary BECs continue to bounce without passing through
each other. On the other hand, in the case of the other
pairs, zTOFrel becomes negative after a few damped oscilla-
tions, namely, the two wave packets mutually penetrate
after a few bounces.
Although in our experiment the energy given by the
magnetic field gradient is one order of magnitude larger
than the effective energy barrier [10] for immiscible BECs
to tunnel through each other, all of the pairs exhibit the
bouncing motion at the first collision. This seemingly
counterintuitive behavior can be understood by consider-
ing the energy required to overlap the BECs. If the spa-
tially separated BECs were overlapped without bounc-
ing, a large additional energy would be required due to
the interspecies mean field interaction proportional to
a1,2, which is much larger than the effective energy bar-
rier. The magnitudes of a1,2 for the three pairs are almost
the same, and thus the bounce occurs even in the miscible
system.
The penetrability of the colliding BECs is sensitive to
∆a, although the energy given by the magnetic field gra-
dient is larger than the effective energy barrier. This
is likely due to the transfer of the energy of the center
of mass motion into the spatial structures. Figures 3(a)
and 3(b) show typical absorption images of the bouncing
FIG. 4: (color online) Numerical simulation of in-trap mo-
tion with various degrees of miscibility. In these numerical
simulations, the a1,2 values between |1, 1〉 and |1,−1〉 are var-
ied. Although we assume a harmonic trap in the numeri-
cal simulations, the trap created by the Gaussian beams is
shallower in the actual experiments. This difference leads to
the discrepancy in the initial potential energies. By tuning
the value of Tsep in the simulations, we can compensate for
this discrepancy. (a) Tevo versus atomic density distributions
for ∆a = −0.8aB, 0.4aB, and 0.92aB (See the Supplemen-
tal Material for movies of the dynamics of the density pro-
file [24]). (b) Cross-time (Tcross) as a function of ∆a. Here
zrel first crosses zero at Tcross. The inset shows Tevo versus
zrel, where solid, broken, and dotted curves represent data for
∆a = −0.8aB, 0.4aB, and 0.92aB, respectively.
motion and the penetration process, respectively. The
width in the z-direction is significantly changed with the
bouncing motion [Fig. 3(a)], and in this process, the do-
main structure is formed regardless of miscibility [Fig.
3(b)]. These experimental results show that the acquired
kinetic energy of the center of mass is converted to the
energies of the domain formation and the spatial narrow-
ing.
We numerically simulate the dynamics of colliding bi-
nary BECs by changing the value of a1,2 between |1, 1〉
and |1,−1〉. In order to investigate the relationship be-
tween ∆a and the penetrability, we calculate the cross-
time Tcross at which zrel first crosses zero [inset of Fig.
4(b)]. Figure 4(b) shows the ∆a dependence of Tcross.
Tcross sharply increases with ∆a in the region of ∆a > 0,
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FIG. 5: (color online) Time evolution of colliding ternary
BECs. (a) Tevo versus atomic density distributions. (b) Ab-
sorption images of ternary BECs at Tevo = 100 ms and 195
ms.
whereas it is nearly constant for ∆a < 0. When ∆a & aB,
zrel cannot reach zero, i.e., binary BECs continue to
bounce without passing through each other. This thresh-
old varies depending on the energy given by the magnetic
field gradient. This result shows that the penetrability is
sensitive to ∆a and can be tuned by slightly changing the
atomic interaction strengths in immiscible BECs [24].
Damped bouncing motion is also observed in simula-
tions of miscible and weakly immiscible BECs, as shown
in Fig. 4(a) and the inset of Fig. 4 (b). Since the binary
BECs mutually penetrate while repelling each other, the
spatial domain structures are formed, in accordance with
which reproduce the experimental results [Fig. 3(b)].
The fringe patterns existing at Tevo = 0 ms are created
during the course of spatial separation of the BECs.
Finally, we investigate the dynamics of colliding
ternary BECs, which are comprised of three spin states in
F = 1. Figure 5(a) shows Tevo versus atomic density dis-
tributions for the ternary BECs. The components |1, 1〉
and |1,−1〉 collide with |1, 0〉. After a few bounces, the
ternary BECs form the domain structures [Fig. 5(b)].
Additionally, in this case, the different components refuse
to overlap each other. Such bouncing motion of multi-
component BECs implies the possibility for realizing a
Newton’s cradle, which was experimentally observed in a
Tonks-Girardeau gas [19] and theoretically predicted for
colliding matter-wave solitons [25].
In conclusion, we have investigated the dynamic prop-
erties of penetration and bouncing motion in colliding
binary and ternary BECs in an optical trap. In contrast
to previous experiments on collisions between BECs in
a magnetic trap [7, 26], the use of an optical trap en-
abled us to generate multicomponent BECs with vari-
ous degrees of miscibility. The observed dynamics are
classified into two categories: repeated bouncing motion
and mutual penetration after damped bouncing motion.
The various counterintuitive effects such as mutual pen-
etration in immiscible BECs, bouncing between miscible
BECs, and domain formation in miscible BECs were ob-
served. In addition, our numerical simulations show that
the properties of penetration and bouncing can be tuned
by slightly changing the atomic interaction strengths.
These results suggest the possibility of controlling the
dynamics of binary BECs by slightly tuning their inter-
action strengths. For example, bouncing and penetration
properties in binary BECs respectively enable one com-
ponent to act as a tunable atom mirror and the other as
a dispersive medium. Our investigation on the dynamics
of multicomponent condensates will be useful in the field
of quantum hydrodynamics and atom optics. Also our
method can be used to study the thermalisation mecha-
nism of an isolated quantum system [27].
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